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The  Impact  of  Hearing  Protection  on  Sound  Localization  and 
Orienting  Behavior 


Brian  D.  Simpson,  Robert  S.  Bolia,  Richard  L.  McKinley,  and  Douglas  S.  Brungart,  Air 
Force  Research  Laboratory,  Wright-Patterson  Air  Force  Base,  Ohio 

The  effect  of  hearing  protection  devices  (HPDs)  on  sound  localization  was  examined 
in  the  context  of  an  auditory-cued  visual  search  task.  Participants  were  required  to 
locate  and  identify  a  visual  target  in  a  field  of  5,  20,  or  50  visual  distractors  ran¬ 
domly  distributed  on  the  interior  surface  of  a  sphere.  Four  HPD  conditions  were 
examined:  earplugs,  earmuffs,  both  earplugs  and  earmuffs  simultaneously  (double 
hearing  protection),  and  no  hearing  protection.  In  addition,  there  was  a  control 
condition  in  which  no  auditory  cue  was  provided.  A  repeated  measures  analysis  of 
variance  revealed  significant  main  effects  of  HPD  for  both  search  time  and  head 
motion  data  (p  <  .05),  indicating  that  the  degree  to  which  localization  is  disrupted 
by  HPDs  varies  with  the  type  of  device  worn.  When  both  earplugs  and  earmuffs 
are  worn  simultaneously,  search  times  and  head  motion  are  more  similar  to  those 
found  when  no  auditory  cue  is  provided  than  when  either  earplugs  or  earmuffs 
alone  are  worn,  suggesting  that  sound  localization  cues  are  so  severely  disrupted 
by  double  hearing  protection  the  listener  can  recover  little  or  no  information 
regarding  the  direction  of  sound  source  origin.  Potential  applications  of  this 
research  include  high-noise  military,  aerospace,  and  industrial  settings  in  which 
HPDs  are  necessary  but  wearing  double  protection  may  compromise  safety 
and/or  performance. 


INTRODUCTION 

Many  occupational  environments  are  charac¬ 
terized  by  high  levels  of  noise  that  necessitate 
the  use  of  hearing  protection  devices  (HPDs) 
to  enhance  overall  performance  and  safety  and 
reduce  the  risk  of  noise-induced  hearing  loss. 
Although  HPDs  can  effectively  attenuate  the 
overall  level  of  ambient  noise,  they  may  also  have 
the  undesirable  consequence  of  attenuating 
auditory  stimuli  that  are  relevant  to  an  opera¬ 
tor’s  task.  For  example,  they  may  impair  an 
operator’s  ability  to  detect  and  recognize  warn¬ 
ing  signals  (Casali  &  Wright,  1995;  Robinson 
&  Casali,  1995),  understand  speech  (Gower  & 
Casali,  1994;  Robinson  &  Casali,  2000;  Van 
Wijngaarden  &  Rots,  2001 ;  Wagstaff  &  Woxen, 
2001),  identify  operationally  relevant  environ¬ 
mental  sounds,  and  localize  sound  (see,  e.g., 
Noble,  Murray,  &  Waugh,  1990).  Indeed,  the 


inability  to  identify  or  localize  sounds  has  been 
implicated  as  a  contributing  factor  to  occupa¬ 
tional  accidents  (Laroche,  1 994;  Laroche,  Ross, 
Lefebvre,  &  Larocque,  1995). 

In  an  effort  to  more  fully  understand  the  im¬ 
pact  of  HPDs  on  operator  performance,  a  num¬ 
ber  of  researchers  have  investigated  the  degree 
to  which  HPDs  influence  a  listener’s  ability  to 
localize  sound  (Abel  &  Armstrong,  1 993;  Bo¬ 
lia,  D’Angelo,  Mishler,  &  Morris,  2001;  Bolia 
&  McKinley,  2000;  Noble,  1981;  Noble  et  al., 
1990;  Noble  &  Russell,  1972;  Vause  &  Grantham, 
1999).  Results  from  these  studies  indicate  that 
sound  localization  accuracy  in  both  azimuth  and 
elevation  is  degraded  with  HPDs  as  compared 
with  when  the  listener’s  ears  are  unoccluded. 

Azimuthal  errors  were  largely  attributable  to 
an  increase  in  front/back  confusions,  suggesting 
that  spectral  features  in  the  3-  to  6-kHz  region, 
which  are  believed  to  contribute  to  front/back 
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discrimination  (Shaw,  1997),  were  disrupted  by 
the  HPDs.  However,  when  continuous  stimu¬ 
li  were  used  and  unrestricted  head  movements 
were  allowed,  localization  in  azimuth  was  large¬ 
ly  restored,  suggesting  that  listeners  were  able 
to  use  the  corresponding  changes  in  interaural 
time  and  level  differences,  which  mediate  local¬ 
ization  in  the  left/right  dimension  (Mills,  1 972), 
to  disambiguate  the  front/back  location  of  a 
sound  source.  The  use  of  exploratory  head  move¬ 
ments,  however,  also  led  to  substantial  increases 
in  search  times.  Localization  in  the  vertical  di¬ 
mension,  which  is  mediated  by  features  in  the 
spectral  fine  structure  above  approximately  5 
kHz  (Blauert,  1969/1970;  Butler  &  Belendiuk, 
1977;  Middlebrooks,  1992),  remained  relatively 
poor,  however,  even  when  these  exploratory  head 
movements  were  allowed  (Noble,  1981;  Noble 
etal.,  1990). 

Although  these  effects  were  found  when  ei¬ 
ther  earplugs  or  earmuffs  were  worn,  they  were 
most  pronounced  with  earmuffs,  which  effec¬ 
tively  obscure  the  pinnae.  These  findings  appear 
to  indicate  that  high-frequency,  pinna-based 
spectral  cues,  which  mediate  localization  in  the 
vertical  and  front/back  dimensions,  are  substan¬ 
tially  disrupted  by  the  use  of  HPDs  but  that  in¬ 
teraural  difference  cues  remain  relatively  intact, 

One  issue  that  these  earlier  studies  failed  to 
consider  was  the  impact  of  double  hearing  pro¬ 
tection  -  earplugs  and  earmuffs  worn  simultane¬ 
ously  -  on  sound  localization.  Double  hearing 
protection  is  a  common  practice,  and  often  a 
requirement,  in  high-noise  environments,  in¬ 
cluding  many  military,  aerospace,  and  industrial 
settings  (National  Institute  of  Occupational 
Safety  and  Health,  1998;  U.S.  Air  Force,  1994). 
Although  it  is  clear  that  sound  is  attenuated  to 
a  greater  degree  with  double  hearing  protection 
than  with  either  earplugs  or  earmuffs  alone 
(e.g.,  see  Berger,  1983),  the  impact  of  double 
hearing  protection  on  sound  localization  per  se 
is  unknown.  That  is,  the  modifications  imposed 
on  the  incident  sound  wave  by  the  two  HPDs 
worn  simultaneously  may  lead  to  disruptions  in 
localization  cues  that  would  not  occur  when  ei¬ 
ther  device  alone  is  worn.  Moreover,  anecdotal 
reports  from  operators  in  high-noise  environ¬ 
ments  suggest  that  sound  localization  is  ex¬ 
tremely  difficult  with  double  hearing  protection. 
These  effects  need  to  be  quantified. 


The  effects  of  HPDs  on  the  orienting  behav¬ 
ior  of  listeners  in  a  sound  localization  task  have 
not  previously  been  examined  in  detail.  As  dis¬ 
cussed  previously,  results  in  the  literature  have 
shown  that  listeners  can  improve  localization 
accuracy  by  employing  exploratory  head  move¬ 
ments  to  resolve  some  ambiguous  localization 
cues.  However,  localization  degrades  differently 
in  the  left/right,  front/back,  and  vertical  dimen¬ 
sions  when  HPDs  are  wom,  suggesting  that  the 
relevant  cues  for  sound  localization  in  each  of 
these  dimensions  are  affected  differently.  It  is 
reasonable,  therefore,  to  assume  these  differ¬ 
ences  would  be  manifested  in  specific  orienting 
behaviors  and  that  the  types  of  head  motion  used 
when  orienting  to  a  sound  could  provide  ad¬ 
ditional  information  about  the  ways  that  HPDs 
disrupt  localization  cues.  For  example,  reliable 
azimuthal  cues  and  relatively  ambiguous  eleva¬ 
tion  cues  might  lead  to  a  target  search  consisting 
of  a  ballistic  azimuthal  change  in  head  position 
followed  by  a  serial  search  of  the  vertical  plane. 

The  purpose  of  this  investigation  was  to  ex¬ 
tend  the  findings  of  previous  studies  assessing 
the  impact  of  HPDs  on  sound  localization  to  the 
case  in  which  listeners  wear  double  hearing  pro¬ 
tection.  A  visual  search  task  was  employed  in 
which  an  auditory  stimulus  was  presented  at 
the  same  location  as  the  visual  target  in  order 
to  cue  the  target  location.  Because  this  task  in¬ 
volves  the  integration  of  sensory  information 
across  the  auditory  and  visual  systems,  it  repre¬ 
sents  an  ecologically  valid  scenario  that  is  rele¬ 
vant  to  occupational  settings.  Target  acquisition 
times  and  head  motion  data  were  collected  in 
order  to  reveal  specific  ways  in  which  cues  for 
sound  localization  are  affected  by  the  use  of 
HPDs. 

METHODS 

Participants 

Three  men  and  4  women,  18  to  39  years  of 
age  (mean  =  23  years),  served  as  participants  in 
this  experiment.  All  had  normal  hearing  (i.e., 
bilateral  thresholds  <15  dB  above  audiometric 
zero  from  1 25  to  8000  Hz;  American  National 
Standards  Institute  [ANSI],  1997)  and  20/20 
(or  better)  uncorrected  vision.  All  participants 
were  given  at  least  2  hr  of  training  in  the  visual 
search  task  (with  and  without  auditory  cuing 
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and  with  no  hearing  protection)  prior  to  formal 
data  collection. 

Experimental  Design 

A  within-subjects  design  was  employed  in 
which  five  auditory  conditions  were  presented. 
An  auditory  cue  was  presented  in  four  condi¬ 
tions:  no  HPD  (unoccluded),  foam  earplugs  (ear¬ 
plugs),  circumaural  earmuffs  (earmuffs),  and 
foam  earplugs  worn  under  circumaural  earmuffs 
(earplugs+earmuffs).  No  auditory  cue  was  pre¬ 
sented  in  the  fifth  (control)  condition  (no  cue). 
These  five  conditions  were  combined  factorially 
with  three  set-size  conditions  (5, 20,  or  50  visual 
distractors)  for  a  total  of  15  experimental  condi¬ 
tions.  The  order  of  conditions  was  randomized 
independently  for  each  participant,  and  only  one 
experimental  condition  was  tested  within  a  sin¬ 
gle  block  of  trials. 

Apparatus 

The  experiment  was'conducted  in  the  Air 
Force  Research  Laboratory  Auditory  Localiza¬ 
tion  Facility  at  Wright-Patterson  Air  Force  Base, 
as  depicted  in  Figure  1.  This  facility  consists  of  an 
anechoic  chamber,  the  walls,  floor,  and  ceiling  of 
which  are  covered  with  1 . 1  -m  thick  fiberglass 
wedges  to  reduce  echoes.  The  low-frequency  cut¬ 
off  of  the  chamber  is  63  Hz.  A  4.3-m  geodesic 


Figure  1.  The  Auditory  Localization  Facility  in  the  Air 
Force  Research  Laboratory  at  Wright-Patterson 
Air  Force  Base. 


sphere  with  277  loudspeakers  mounted  on  its 
surface  is  housed  in  the  facility.  A  participant  is 
seated  in  the  facility  such  that  his  or  her  head 
is  positioned  in  the  middle  of  the  sphere.  The 
loudspeakers  employed  in  this  experiment  (266 
in  total)  surround  the  participant  360°  in  azi¬ 
muth  and  from  approximately  -70°  to  +90°  in 
elevation  and  are  directed  inward  toward  the 
center  of  the  sphere. 

The  hearing  protection  devices  used  in  this 
study  were  the  E.A.R.  Classic  foam  earplug  and 
the  Tasco  #2900  Sound  Shield  circumaural 
earmuffs.  The  attenuation  properties  of  these 
devices,  worn  singly  and  in  tandem,  are  shown 
in  Figure  2  as  measured  using  the  American 
National  Standards  Methods  for  Measuring 
the  Real-Ear  Attenuation  of  Hearing  Protectors 
(ANSI,  2002). 

Head  position  data  were  captured  by  a  Polhe- 
mus  Fastrak  electromagnetic  head  tracker,  the 
sensor  of  which  was  mounted  on  a  cap  worn  by 
the  participant.  Head  azimuth  and  elevation, 
measured  with  respect  to  the  forward  intersec¬ 
tion  of  the  horizontal  and  vertical  planes,  was 
captured  during  all  trials  at  a  rate  of  20  Hz. 

Stimuli 

Mounted  directly  in  front  of  each  loudspeak¬ 
er  on  the  sphere  in  the  Auditory  Localization 
Facility  is  a  square  cluster  of  four  LEDs,  which 
served  as  visual  stimuli  in  the  search  task.  Each 
LED  cluster  subtends  a  visual  angle  of  approxi¬ 
mately  0.5°,  and  each  is  individually  addressable 
such  that  one,  two,  three,  or  four  LEDs  within  a 
cluster  may  be  energized  at  a  time.  A  visual  tar¬ 
get  was  defined  by  the  presence  of  two  or  four 
energized  LEDs  from  a  single  cluster;  a  visual 
distractor  was  defined  by  the  presence  of  one 
or  three  energized  LEDs  from  a  single  cluster. 
Each  cluster  of  four  LEDs  is  randomly  oriented 
such  that  a  participant’s  judgment  regarding  the 
identity  of  a  visual  stimulus  must  be  based  sole¬ 
ly  on  the  number  of  LEDs  energized  and  not  on 
the  spatial  pattern  of  energized  LEDs. 

The  auditory  stimulus  used  to  cue  the  visual 
target  location  was  a  continuous  broadband 
(70  Hz-16  kHz)  pink  noise  generated  by  the 
source  function  on  a  Hewlett-Packard  35665A 
Dynamic  Signal  Analyzer  and  presented  from 
the  loudspeaker  at  the  location  of  the  visual  tar¬ 
get.  In  order  to  ensure  that  the  auditory  stimulus 
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Frequency  (Hz) 

Figure  2.  Mean  attenuation  values,  obtained  using  the  real  ear  attenuation  method  (ANSI,  2002),  are  plotted  as 
a  function  of  frequency  for  the  hearing  protection  devices  tested.  Standard  deviation  values  are  shown  in  the  top 
panel.  Values  for  the  earplugs  and  earmuffs  conditions  are  averaged  across  20  participants,  as  specified  by 
ANSI,  2002;  the  value  for  the  earplugs+earmuffs  condition  is  averaged  across  1 0  participants. 


was  well  within  each  participant’s  audible  range 
and  the  audibility  of  the  stimulus  did  not  vary 
with  the  HPD  configuration  in  use,  individual 
thresholds  were  measured  for  each  participant 
and  with  each  HPD  configuration  (unoccluded, 
earplugs,  earmuffs,  and  earplugs+earmuffs)  us¬ 
ing  broadband  pink  noise  in  a  diffuse  sound  field. 
Then,  during  the  visual  search  task,  the  auditory 
stimuli  were  presented  30  to  35  dB  above  these 
measured  thresholds  for  each  specific  participant 
and  each  HPD  configuration  (i.e.,  30-35  dB 
sensation  level).  Signal  presentation  levels  are 


shown  for  each  participant  and  each  HPD  con¬ 
figuration  in  Table  1 . 

Procedure 

The  procedure  used  in  this  study  was  derived 
from  an  earlier  experiment  on  auditory-cued 
visual  search  (Bolia,  D’Angelo,  &  McKinley, 
1999).  At  the  inception  of  each  trial,  an  even 
number  of  LEDs  (two  or  four)  was  energized 
from  the  cluster  of  LEDs  located  directly  in  front 
of  the  participant  (0°  azimuth,  0°  elevation).  The 
participant  demonstrated  a  readiness  to  begin 


TABLE  1 :  Presentation  Levels  (dB  SPL) 


Participant 

Mean 

1 

2 

3 

4 

5 

6 

7 

Unoccluded 

44.3 

46.3 

50.5 

45.8 

50.3 

47.2 

55.0 

48.49 

Earplugs 

74.5 

79.5 

81.0 

74.0 

82.5 

76.2 

80.8 

78.36 

Earmuffs 

80.3 

82.0 

80.8 

76.0 

82.7 

83.3 

93.3 

82.63 

Earplugs+earmuffs 

86.3 

89.8 

83.8 

85.5 

92.3 

89.3 

94.5 

88.79 
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the  search  task  by  pressing  one  of  two  buttons 
on  a  response  box  indicating  the  number  of 
LEDs  observed  at  this  location,  which  ensured 
that  the  participant  was  facing  forward  at  the 
start  of  the  trial.  After  the  button  was  pressed, 
LED  clusters  representing  one  target  and  the 
appropriate  number  of  distractors  (randomly 
distributed  throughout  the  sphere)  were  ener¬ 
gized  and,  if  the  condition  dictated,  an  auditory 
cue  was  presented  simultaneously  from  the  loca¬ 
tion  of  the  target.  On  each  trial,  the  participant 
searched  the  field  of  distractors  in  order  to  lo¬ 
cate  the  target;  once  the  target  was  located,  the 
participant  was  to  identify  the  number  of  LEDs 
energized  in  the  target  cluster  and  press  the  ap¬ 
propriate  button  on  the  response  box.  The  search 
time  interval  for  each  trial  began  when  the  stim¬ 
ulus  was  presented  and  was  terminated  when 
the  participant  pressed  the  response  button. 

The  experiment  was  divided  into  blocks,  with 
each  block  containing  approximately  65  trials. 
The  number  of  blocks  in  each  of  12  2-hr  ses¬ 
sions  varied  slightly  depending  on  the  difficulty 
of  the  experimental  conditions  (and  thus  the 
associated  search  times).  In  all,  two  repetitions 
for  each  of  the  266  target  locations  were  collect¬ 
ed  in  each  of  the  15  experimental  conditions  for 
a  total  of  7980  responses  per  participant. 

RESULTS 

Response  Accuracy 

Mean  percentages  of  correct  responses  were 
analyzed  using  a  5  (auditory  conditions)  x  3  (set 
size)  repeated  measures  analysis  of  variance 
(ANOVA).  This  and  all  subsequent  ANOVAs 
employed  the  Huyhn-Feldt  correction  to  guard 
against  violations  of  sphericity.  Neither  of  the 
main  effects  nor  the  interaction  was  found  to  be 
statistically  significant  ( p  >  .05).  Percentage  cor¬ 
rect  ranged  from  94%  to  99%  for  each  of  the 
conditions  tested.  These  results  indicate  that 
participants  always  performed  the  search  task 
with  a  high  level  of  accuracy  and  that  there  was 
no  evident  trade-off  between  search  time  and 
accuracy,  regardless  of  the  experimental  mani¬ 
pulation. 

Search  Time 

Mean  search  times  were  subjected  to  a  simi¬ 
lar  5  x  3  ANOVA,  revealing  significant  main 


effects  of  auditory  condition,  F(4,  24)  =  239.1 1, 
p  <  .05,  and  set  size,  F( 2,  12)  =  328.75,  p  < 
.05,  and  a  significant  Auditory  Condition  x  Set 
Size  interaction,  F( 8,  48)  =  93.84,  p  <  .05.  This 
interaction  is  illustrated  in  Figure  3,  which  shows 
mean  search  times  plotted  as  a  function  of  set 
size  in  each  of  the  auditory  conditions.  All  the 
differences  that  will  be  described  were  com¬ 
pared  using  paired  t  tests  with  an  alpha  level  of 
.05  after  application  of  the  Bonferroni  correction 
for  multiple  tests.  In  addition,  we  performed  sim¬ 
ple  linear  regression  analyses  in  order  to  deter¬ 
mine  the  slopes  of  the  functions  relating  search 
time  to  set  size. 

Search  times  in  the  earplugs  condition  and 
earmuffs  condition  were  significantly  different 
from  those  in  the  unoccluded  condition  at  all 
levels  of  set  size,  but  they  were  not  significantly 
different  from  each  other  at  any  level  of  set  size. 
In  the  unoccluded  condition,  search  times  re¬ 
mained  relatively  constant,  independent  of  the 
set  size  (slope  -  3  ms/distractor).  In  the  earplugs 
condition,  search  times  increased  moderately 
as  the  set  size  was  increased  (slope  -  18  ms/ 
distractor),  and  in  the  earmuffs  condition,  search 
times  increased  to  a  slightly  greater  extent 
(slope  -  24  ms/distractor)  with  set  size. 

These  set  size  effects  in  the  earplugs  and 
earmuffs  conditions  relative  to  the  unoccluded 
condition  presumably  result  from  the  fact  that 
the  HPDs  distort  the  incoming  waveform  such 
that  the  cues  used  for  sound  localization  are 
disrupted.  As  the  complexity  of  the  visual  dis¬ 
play  increased  (i.e.,  as  the  set  size  increased), 
the  reliance  on  the  auditory  cue  for  efficient 
searches  increased,  but  because  the  localization 
cues  were  less  reliable  with  HPDs,  the  larger  set 
sizes  led  to  greater  search  times.  The  slightly 
greater  slope  for  the  earmuffs  condition  relative 
to  the  earplugs  condition  is  probably  attribut¬ 
able  to  the  fact  that  circumaural  earmuffs  com¬ 
pletely  cover  the  pinnae,  thus  degrading  the 
pinna-based  spectral  cues  that  mediate  localiza¬ 
tion  in  the  front/back  and  vertical  dimensions 
to  a  greater  degree  than  do  the  earplugs.  Set  size 
effects,  however,  were  much  smaller  in  all  three 
of  these  conditions  than  in  the  no-cue  condition 
(slope  -  267  ms/distractor),  which  served  as  a 
lower  bound  for  performance  in  the  visual  search 
task.  These  data  are  consistent  with  the  results 
of  Bolia  and  McKinley  (2000). 
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Figure  3.  Mean  search  times  in  the  visual  search  task  plotted  as  a  function  of  the  number  of  visual  distractors 
for  each  of  the  HPD  configurations  tested.  Error  bars  indicate  ±1  standard  error.  Note  that  these  error  bars  are 
small  relative  to  the  size  of  the  symbols  in  the  unoccluded,  earplugs,  and  earmuffs  conditions. 


Perhaps  the  most  interesting  finding  is  that 
the  pattern  of  results  in  the  earplugs+earmuffs 
condition  was  more  similar  to  that  found  in  the 
no-cue  condition  than  to  that  found  in  any  of 
the  other  conditions.  Search  times  in  the  ear- 
plugs+earmuffs  and  no-cue  conditions  were  sig¬ 
nificantly  different  from  the  search  times  in  the 
other  three  conditions  at  all  levels  of  set  size, 
but  they  were  not  significantly  different  from 
each  other  except  at  the  largest  set  size.  Search 
times  in  the  earplugs+earmuffs  condition  in¬ 
creased  at  a  rate  of  162  ms/distractor,  an  order 
of  magnitude  greater  than  search  times  found 
for  the  single-HPD  conditions,  suggesting  that . 
localization  cues  were  severely  disrupted  when 
double  hearing  protection  was  worn.  Anecdotal 
reports  from  the  participants  were  consistent 
with  these  results:  They  indicated  that  when  both 
earplugs  and  earmuffs  were  worn  simultaneous¬ 
ly,  the  auditory  stimulus  did  not  appear  to  pro¬ 
vide  any  directional  information. 


Head  Motion  in  Azimuth 

The  total  angular  extent  of  head  motion  in  azi¬ 
muth  was  computed  on  a  trial-by-trial  basis  and 
averaged  across  participants  in  each  experimen¬ 
tal  condition.  These  data,  depicted  in  Figure  4, 
were  subjected  to  a  5  (auditory  conditions)  x 
3  (number  of  distractors)  repeated  measures 
ANOVA,  revealing  significant  main  effects  of  au¬ 
ditory  condition,  F( 4,  24)  =  38.78,  p  <  .05,  and 
number  of  distractors,  F(2,  12)  =  20.86,  p  <  .05, 
and  a  significant  Auditory  Condition  x  Number 
of  Distractors  interaction,  F(8,  48)  =  1 1 .77,  p  < 
.05.  We  examined  this  interaction  in  greater 
detail  by  performing  tests  of  simple  main  effects 
of  set  size  at  each  level  of  auditory  condition 
and  of  auditory  condition  at  each  level  of  set 
size.  Tests  of  set  size  were  found  to  be  significant 
for  the  earmuffs,  earplugs+earmuffs,  and  no-cue 
auditory  conditions,  indicating  that  in  each  of 
these  conditions  the  total  angular  extent  of  head 
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Auditory  Condition 

Figure  4.  Total  angular  extent  of  head  movements  in  azimuth  for  all  experimental  conditions  examined.  Error 
bars  indicate  ±1  standard  error. 


motion  in  azimuth  varied  with  set  size.  However, 
tests  of  set  size  yielded  no  significant  differences 
in  the  unoccluded  and  earplugs  conditions,  sug¬ 
gesting  that  head  motion  was  independent  of 
set  size  for  these  conditions. 

Tests  of  simple  main  effects  of  auditory  con¬ 
dition  revealed  significant  differences  at  each 
level  of  set  size.  Post  hoc  paired  t  tests  with  Bon- 
ferroni  corrections  demonstrated  that  azimuthal 
angular  extent  was  not  significantly  different 
between  the  earplugs+earmuffs  and  no-cue  con¬ 
ditions  at  any  level  of  set  size  but  that  each  was 
significantly  different  from  that  in  the  unocclud¬ 
ed,  earplugs,  and  earmuffs  conditions  at  every 
level  of  set  size.  These  results  suggest  that  the 
search  task  with  an  auditory  cue  and  double 
hearing  protection  was  most  similar  to  the  case 
in  which  no  auditory  cue  was  provided,  which 
again  is  consistent  with  the  reports  of  the  partic¬ 
ipants. 

Head  Motion  in  Elevation 

As  with  azimuth,  the  total  angular  extent  of 


head  motion  in  elevation  was  computed  on  a 
trial -by-trial  basis  and  averaged  across  partici¬ 
pants  in  each  experimental  condition.  These 
data,  shown  in  Figure  5,  were  subjected  to  an 
ANOVA  analogous  to  that  described  earlier, 
which  revealed  significant  main  effects  of  audi¬ 
tory  condition,  F( 4,  24)  =  40.84,  p  <  .05,  and 
set  size,  F( 2,  12)  =  26.52,  p  <  .05,  and  a  signifi¬ 
cant  Auditory  Condition  x  Set  Size  interaction, 
F( 8,  48)  =  16.45,  p  <  .05.  We  further  investigat¬ 
ed  this  interaction  by  performing  tests  of  simple 
main  effects  of  set  size  at  each  level  of  auditory 
condition  and  of  auditory  condition  at  each  level 
of  set  size.  Tests  of  set  size  were  found  to  be  sig¬ 
nificant  only  for  the  earmuffs,  earplugs+ear¬ 
muffs,  and  no-cue  auditory  conditions,  indicating 
once  again  a  set  size  effect  for  these  conditions 
but  not  for  the  unoccluded  and  earplugs  condi¬ 
tions.  Tests  of  simple  main  effects  of  auditory 
condition  revealed  significant  differences  at 
each  level  of  set  size.  As  was  the  case  for  azi¬ 
muthal  angular  extent,  post  hoc  paired,  t  tests 
with  Bonferroni  corrections  demonstrated  that 
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Figure  5.  Total  angular  extent  of  head  movements  in  elevation  for  all  experimental  conditions  examined.  Error 
bars  indicate  ±1  standard  error. 


angular  extent  in  elevation  for  the  earplugs+ 
earmufFs  and  no-cue  conditions  was  significant¬ 
ly  different  from  that  in  the  other  three  auditory 
conditions  (unoccluded,  earplugs,  and  earmufFs) 
at  every  level  of  set  size  and,  as  before,  the  ear- 
plugs+earmuffs  condition  was  not  significantly 
different  from  the  no-cue  condition  at  any  level 
of  set  size. 

These  data  indicate  that  head  motion  in  both 
azimuth  and  elevation  was  affected  by  HPDs, 
suggesting  that  localization  cues  may  be  disrupt¬ 
ed  in  all  dimensions  with  hearing  protection. 
Moreover,  these  head  motion  data  are  consistent 
with  the  search  time  data.  Specifically,  both  mea¬ 
sures  suggest  that  two  general  classes  of  search 
patterns  existed  in  this  study.  This  can  be  more 
easily  seen  in  Figure  6,  in  which  head  position  is 
plotted  as  a  function  of  time  to  provide  a  more 
detailed  view  of  search  patterns.  Each  column 
represents  a  single  trial  in  which  a  target,  locat¬ 
ed  at  124°  azimuth  and  45°  elevation,  is  pre¬ 
sented  in  a  field  of  50  distractors  for  a  single 
auditory  condition.  (Note  that  this  was  a  partic¬ 


ularly  difficult  condition  because  of  the  number 
of  distractors  and  the  location  of  the  target.)  The 
upper  panels  depict  head  position  in  azimuth; 
the  lower  panels  depict  head  position  in  eleva¬ 
tion.  All  data  are  from  a  single  representative 
participant. 

These  data  support  the  notion  that  the  search 
patterns  fell  into  two  general  classes.  The  ear- 
muffs,  earplugs,  and  unoccluded  conditions  (the 
three  rightmost  columns  in  Figure  6)  appear  to 
fall  into  one  class  of  search  patterns,  in  which 
the  search  was  characterized  by  a  fairly  delib¬ 
erate  head  movement  to  the  location  of  the  tar¬ 
get,  resulting  in  relatively  short  search  times. 
This  suggests  that  the  localization  cues  in  these 
conditions  were  not  substantially  disrupted  by 
the  HPDs. 

Within  this  class  of  search  patterns,  however, 
differences  across  conditions  can  also  be  seen  if 
one  examines  head  position  in  the  vertical  plane. 
Specifically,  for  conditions  in  which  spectral  cues 
were  expected  to  be  distorted  (i.e.,  the  earplugs 
and  earmufFs  conditions),  search  patterns  in  the 
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no  cue  earplugs+earmuffs  earmuffs  earplugs  unoccluded 

ST=54.079  ST=29.334  ST=5.24  ST=3.96  ST=1.116 


Time  (s)  Time  (s)  Time  (s)  Time  (s)  Time  (s) 

Figure  6.  Head  motion  in  azimuth  (upper  row)  and  elevation  (lower  row)  plotted  as  a  function  of  time  for  a  sin¬ 
gle  trial  (visual  target  at  1 24°  azimuth  and  45°  elevation,  presented  in  a  field  of  50  distractors)  in  each  of  the  five 
different  HPD  configurations.  Filled  circles  indicate  the  participant’s  head  position  at  the  beginning  of  the  trial 
(0°  azimuth,  0°  elevation);  asterisks  indicate  the  participant’s  head  position  at  the  time  a  response  was  made.  All 
data  are  from  the  same  participant.  Note  that  the  time  scale  for  the  earmuffs,  earplugs,  and  unoccluded  condi¬ 
tions  differs  from  that  of  the  no-cue  and  earplugs+earmuffs  conditions. 


vertical  dimension  are  somewhat  less  deliber¬ 
ate  than  in  azimuth;  The  initial  vertical  head 
movement  is  not  in  the  direction  of  the  target, 
suggesting  that  some  disruption  of  the  cues 
mediating  localization  in  the  vertical  dimension 
took  place.  Horizontal  head  motion  in  these  con¬ 
ditions,  however,  appears  to  fall  along  a  relative¬ 
ly  straight  path  directly  to  the  target  azimuth, 
suggesting  that  the  cues  mediating  horizontal 
localization  remained  salient  whether  they  re¬ 
sulted  from  reliable  static  or  dynamic  cues.  In 
contrast,  in  the  unoccluded  condition,  in  which 
no  distortion  of  localization  cues  was  intro¬ 
duced,  both  horizontal  and  vertical  head  motion 
appear  to  follow  a  direct  path  to  the  target  loca¬ 
tion,  suggesting  that  the  participant  was  able  to 
reliably  make  use  of  the  cues  available  for  sound 
localization.  These  head  motion  data  are  consis¬ 
tent  with  the  results  of  Bolia  and  Nelson  (2001). 

The  no-cue  and  earplugs+earmuffs  conditions 
(the  two  leftmost  columns  in  Figure  6)  appear  to 
fall  into  a  separate  class  of  search  patterns,  in 
which  head  movements  do  not  appear  to  be  delib¬ 
erate:  Participants  appear  to  have  been  system¬ 
atically  searching  the  visual  field,  but  the  search 
patterns  appear  to  be  unrelated  to  the  location  of 
the  auditory  stimulus,  resulting  in  greater  angu¬ 
lar  extent  of  head  motion  and  longer  search 


times.  The  similarity  in  search  patterns  across 
these  two  conditions  suggests  that  localization 
cues  in  the  earplugs+earmuffs  condition  are  se¬ 
verely  degraded  and  provide  little  information 
to  the  participant  about  the  location  of  the  tar¬ 
get.  That  is,  in  the  absence  of  auditory  cues,  par¬ 
ticipants  appear  to  adopt  a  strategy  in  which  they 
systematically  search  the  visual  field  for  the  tar¬ 
get.  When  an  auditory  cue  is  presented  but  par¬ 
ticipants  are  wearing  both  earplugs  and  earmuffs, 
a  similar  search  pattern  is  seen,  suggesting  that 
they  are  getting  very  little  in  the  way  of  reliable 
localization  cues. 

DISCUSSION 

Based  on  the  results  from  earlier  studies  on 
localization  with  single  HPDs  (e.g.,  Bolia  et  al., 
2001;  Noble,  1981),  a  degradation  in  sound  lo¬ 
calization  performance,  particularly  in  the  ver¬ 
tical  plane,  was  expected  with  double  hearing 
protection.  However,  the  results  from  the  pre¬ 
sent  study  suggest  that  the  use  of  double  hear¬ 
ing  protection  degrades  sound  localization  to  a 
much  greater  degree  than  what  had  been  expect¬ 
ed.  It  is  unlikely  that  a  disruption  in  spectral  cues 
alone  could  explain  why  search  times  in  the  ear¬ 
plugs+earmuffs  condition  approached  those 
found  in  the  no-cue  condition.  Moreover,  head 
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position  data  for  the  earplugs+earmuffs  condi¬ 
tion  indicate  that  the  angular  extent  of  head 
motion  in  both  azimuth  and  elevation  approach 
that  of  the  no-cue  condition.  These  results  sug¬ 
gest  that  the  donning  of  double  hearing  protec¬ 
tion  may  have  disrupted  interaural  difference 
cues  in  addition  to  spectral  cues. 

One  plausible  explanation  for  the  large  search 
times  seen  in  the  earplugs+eannuffs  condition  is 
that  the  level  of  the  stimulus  transmitted  via  the 
ear  canal  (i.e.,  air-conducted  sound)  could  have 
been  reduced  so  dramatically  by  double  hearing 
protection  that  the  transmission  of  the  stimulus 
through  alternative  pathways  (e.g.,  bone  and 
tissue  conduction)  may  have  contributed  signif¬ 
icantly  to  the  overall  perceived  stimulus.  The 
transfer  functions  through  these  alternative  path¬ 
ways  to  the  cochleae  are  unknown,  but  the  lack 
of  acoustic  isolation  between  the  cochleae  result¬ 
ing  from  bone  conduction  would  probably  lead 
to  a  disruption  in  interaural  difference  cues  and 
also  lead  to  stimulus  properties  that  are  inconsis¬ 
tent  with  those  of  the  airborne  sound.  The  com¬ 
bination  of  air-conducted  and  bone-conducted 
sound  could  result  in  ambiguous  directional 
information,  and  thus  reduced  localizability, 
thereby  providing  no  benefit  to  the  participant 
performing  the  search  task.  Similar  degradations 
in  binaural  and  spatial  hearing  have  been  found 
in  listeners  with  conductive  hearing  losses  and 
have  been  attributed  to  a  disruption  in  localiza¬ 
tion  cues  resulting  from  increases  in  the  ratio  of 
bone-conducted  sound  to  air-conducted  sound 
(see,  e.g.,  Noble,  Byrne,  &  Lepage,  1994;  Zurek, 

1 986) .  These  issues  must  be  examined  in  greater 
detail  in  future  studies  in  order  to  more  fully  un¬ 
derstand  the  factors  contributing  to  this  effect. 

SUMMARY 

The  results  of  the  experiment  described  here¬ 
in  demonstrate  that  the  use  of  HPDs  may  sub¬ 
stantially  degrade  sound  localization  performance 
in  an  auditory-cued  visual  search  paradigm. 
Moreover,  different  HPD  configurations  affected 
search  performance  differentially,  as  revealed 
by  search  time  and  head  motion  data.  Perfor¬ 
mance  in  the  double  hearing  protection  condi¬ 
tion  (earplugs+earmuffs)  was  almost  as  poor  as 
performance  in  the  control  condition  (no  cue), 
suggesting  that  the  localization  cues  normally 
present  in  air-conducted  sound  were  severely 


disrupted  when  double  hearing  protection  was 
used.  Search  times  with  double  hearing  protec¬ 
tion  were  more  similar  to  those  in  the  no-cue 
condition  than  to  those  in  any  of  the  other  con¬ 
ditions  in  which  an  auditory  cue  was  presented. 
Similarly,  measures  of  head  motion  in  both  azi¬ 
muth  and  elevation  revealed  search  patterns 
consistent  with  a  severe  disruption  of  spectral 
cues  and  interaural  difference  cues.  These  re¬ 
sults  were  surprising  and  suggest  that  double 
hearing  protection  may  have  attenuated  the  au¬ 
ditory  stimulus  entering  through  the  ear  canal 
to  such  a  degree  that  nonlocalizable  sound  ar¬ 
riving  through  alternative  pathways  (e.g.,  bone 
conduction)  may  have  contributed  significantly 
to  the  overall  stimulus. 

IMPLICATIONS  FOR  DESIGN 

The  high  noise  levels  that  exist  in  many  oper¬ 
ational  environments  necessitate  the  use  of 
double  hearing  protection  in  order  to  prevent 
noise-induced  hearing  loss,  but  the  impact  of 
these  high-attenuation  HPDs  on  communication 
effectiveness  and  spatial  hearing  pose  a  difficult 
problem  for  the  human  factors  practitioner.  As 
we  have  noted,  merely  increasing  the  attenua¬ 
tion  of  the  airborne  sound  (e.g.,  through  the  use 
of  more  robust  HPDs)  will  do  little  to  mitigate 
the  impact  of  sound  entering  the  system  through 
bone  and  tissue  conduction.  Moreover,  noise 
control  engineering  efforts  focused  on  the  source 
of  noise,  although  necessary,  may  be  insuffi¬ 
cient.  New  technologies  must  be  developed  that 
are  Capable  of  adequately  attenuating  the  bone- 
conducted  sounds  at  the  operator.  Well-fitting, 
sound-attenuating  helmets,  facial  masks,  and 
body  suits  may  help  to  insulate  the  body  from 
acoustic  energy,  thereby  reducing  the  energy 
transmitted  to  the  auditory  system.  However,  at 
the  extremely  high  noise  levels  found  in  many 
operational  environments,  even  these  measures 
provide  only  a  modicum  of  protection. 

A  better  understanding  of  the  characteristics 
of  bone  conduction  may  lead  to  the  develop¬ 
ment  of  appropriate  algorithms  for  active  can¬ 
cellation  of  bone-conducted  sound  analogous 
to  those  algorithms  employed  in  active  noise  re¬ 
duction  systems  for  airborne  sound.  Because 
the  current  level  of  understanding  does  not  sup¬ 
port  this  approach,  operators  in  high-noise  envi¬ 
ronments  should,  at  a  minimum,  be  informed  of 
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the  potential  deleterious  effects  on  spatial  hear¬ 
ing  of  wearing  double  hearing  protection  in  order 
to  avoid  reliance  on  impoverished  information. 

ACKNOWLEDGMENTS 

The  authors  would  like  to  acknowledge  Mi¬ 
chael  Ward  of  Sytronics,  Inc.,  for  his  assistance 
in  data  collection.  This  work  was  supported  by 
the  Air  Force  Office  of  Scientific  Research. 
Portions  of  the  paper  were  published  in  the  Pro¬ 
ceedings  of  the  Human  Factors  and  Ergonom¬ 
ics  Society  46th  Annual  Meeting. 

REFERENCES 

Abel,  S.  M..  &  Armstrong,  N.  M.  (1993).  Sound  localization  with 
hearing  protectors.  Journal  of  Otolaryngology,  22,  357-363. 
American  National  Standards  Institute.  (1997).  Methods  for  manual 
pure- tone  threshold  audiometry  (Standard  No.  ANSI  S3.21- 
1978;  reaffirmed  1997).  Washington,  DC:  Author. 

American  National  Standards  Institute.  (2002).  American  National 
Standards  methods  for  measuring  the  real-ear  attenuation  of 
hearing  protectors  (Standard  No.  ANSI  Si 2.6- 1997;  reaffirmed 
2002).  Washington,  DC:  Author. 

Berger,  E.  H.  (1983).  Laboratory  attenuation  of  eannuffs  and  ear¬ 
plugs  both  singly  and  in  combination.  American  Industrial 
Hygiene  Association  Journal,  44,  321-329. 

Blaucrt,  J.  (1969/1970).  Sound  localization  in  the  median  plane. 
Acustica,  22,  205-213. 

Bolia,  R.  S.,  D’Angelo,  W.  R..  &  McKinley,  R.  L.  (1999).  Aurally 
aided  visual  search  in  three-dimensional  space.  Human  Factors, 
41,  664-669. 

Bolia,  R.  S.,  D’Angelo,  W.  R.,  Mishler,  P.  J.,  &  Morris,  L.  J.  (2001). 
The  effects  of  hearing  protectors  on  auditory  localization  in 
azimuth  and  elevation.  Human  Factors,  43,  122-128. 

Bolia,  R.  S.,  &  McKinley,  R.  L.  (2000).  The  effects  of  hearing  pro¬ 
tectors  on  auditory  localization:  Evidence  from  audio-visual 
target  acquisition.  International  Journal  of  Occupational  Safety 
and  Ergonomics,  6,  309-319. 

Bolia.  R.  S.,  &  Nelson,  W.  T.  (2001).  Assessing  patterns  of  head 
motion  behavior  for  adapting  mullisensory  interfaces:  Qualita¬ 
tive  and  quantitative  analyses,  and  model  specification.  In  D. 
Harris  (Ed.),  Engineering  psychology  and  cognitive  ergonomics 
(Vol.  5,  pp.  1 09—  1 16).  Aldershot,  UK:  Ashgate. 

Butler,  R.  A.,  &  Belendiuk,  K.  (1977).  Spectral  cues  utilized  in  the 
localization  of  sound  in  the  median  sagittal  plane.  Journal  of 
the  Acoustical  Society  of  America,  61,  1264-1269. 

Casali,  J.  G.,  &  Wright,  W.  H.  (1995).  Do  amplitude-sensitive  hear¬ 
ing  protectors  improve  detectibility  of  vehicle  backup  alarms  in 
noise?  In  Proceedings  of  the  Human  Factors  and  Ergonomics 
Society  39th  Annual  Meeting  (pp.  994-998).  Santa  Monica, 
CA:  Human  Factors  and  Ergonomics  Society. 

Gower,  D.  W.,  &  Casali,  J.  G.  (1994).  Speech  intelligibility  and  pro¬ 
tective  effectiveness  of  selected  active  noise  reduction  and  con¬ 
ventional  communications  headsets.  Human  Factors,  36, 
350-367. 

Laroche,  C.  (1994).  Review  of  the  literature  on  sound  source  local¬ 
ization  and  applications  to  noisy  workplaces.  Canadian 
Acousfics/Acoustique  Canadienne,  22,  13-18. 

Laroche,  C.,  Ross,  M.-J.,  Lefebvre,  L.,  &  Larocque,  R.  (1995). 
Determination  des  caracteristiques  acoustiques  optimales  des 
alarmes  de  rccul  [Determination  of  optimal  acoustical  charac¬ 
teristics  of  evacuation  signals]  (IRSST  Rapport  R-117). 
Montreal,  Canada:  Institut  de  recherche  en  sanle  et  en  securite 
du  travail  du  Quebec. 

Middlebrooks,  J.  C.  (1992).  Narrow-band  sound  localization  relat¬ 
ed  to  external  ear  acoustics,  journal  of  the  Acoustical  Society 
of  America,  92,  2607-2624. 

Mills,  W.  A.  (1972).  Auditory  localization.  In  }.  V.  Tobias  (Ed.), 
Foundations  of  modern  auditory  theory  (Vol.  2,  pp.  303-348). 
New  York:  Academic. 


National  Institute  of  Occupational  Safety  and  Health.  (1998). 
Criteria  for  a  recommended  standard  -  Occupational  noise 
exposure  (Publication  No.  98-126).  Washington,  DC:  U.S. 
Department  of  Health  and  Human  Services. 

Noble,  W.  G.  (1981).  Eannuffs,  exploratory  head  movements,  and 
horizontal  and  vertical  sound  localization.  Journal  of  Auditory 
Research,  21 ,  1-12. 

Noble,  W.  G.,  Byrne,  D.,  &  Lepage,  B.  (1994).  Effects  on  sound 
localization  of  configuration  and  type  of  hearing  impairment. 
Journal  of  the  Acoustical  Society  of  America,  95,  992-1005. 
Noble,  W.  G.,  Murray.  N.,  &  Waugh,  R.  (1990).  the  effect  of  vari¬ 
ous  hearing  protectors  on  sound  localization  in  the  horizontal 
and  vertical  planes.  American  Industrial  Hygiene  Association 
Journal,  51,  370-377. 

Noble,  W.  G.,  &  Russell,  G.  (1972).  Theoretical  and  practical 
implications  of  the  effects  of  hearing  protection  devices  on 
localization  ability.  Acta  Otola ryngologica,  74,  29-36. 

Robinson,  G.  $.,  &  Casali,  J.  G.  (1995).  Audibility  of  reverse  alarms 
under  hearing  protectors  for  normal  and  hearing-impaired  lis¬ 
teners.  Ergonomics,  38,  2281-2299. 

Robinson,  G.  S.,  &  Casali,  J.  G.  (2000).  Issues  relating  to  the  con¬ 
duct  of  empirical  research  into  the  detection  of  auditory  stimuli 
in  noise  when  wearing  nontraditional  hearing  protectors.  In 
Proceedings  of  the  XIVth  Triennial  Congress  of  the  Inter¬ 
national  Ergonomics  Association  and  44th  Annual  Meeting  of 
the  Human  Factors  and  Ergonomics  Society  (pp.  3.722-3.725). 
Santa  Monica,  CA:  Human  Factors  and  Ergonomics  Society. 
Shaw,  E.  A.  G.  (1997).  Acoustical  features  of  the  human  external 
ear.  In  R.  H.  Gilkey  &  T.  R.  Anderson  (Eds.),  Binaural  and 
spatial  hearing  in  real  and  virtual  environments  (pp.  25-47). 
Mahwah,  NJ:  Erlbaum. 

U.S.  Air  Force.  (1994).  Hazardous  noise  program  (AFOSH  Stan¬ 
dard  No.  48-19).  Washington,  DC:  Author. 

Van  Wijngaarden,  S.  &  Rots.  G.  (2001).  Balancing  speech  intel¬ 
ligibility  versus  sound  exposure  in  selection  of  personal  hearing 
protection  equipment  for  Chinook  aircrews.  Aviation,  Space, 
and  Environmental  Medicine,  72,  1037-1044. 

Vause,  N.  L.,  &  Grantham,  D.  W.  (1999).  Effects  of  earplugs  and 
protective  headgear  on  auditory  localization  ability  in  the  hori¬ 
zontal  plane.  Human  Factors,  41,  282-294. 

Wagstaff,  A.  S.,  &  Woxen,  O.  ].  (2001).  Double  hearing  protection 
and  speech  intelligibility  -  Room  for  improvement.  Aviation, 
Space ,  and  Environmental  Medicine,  72,  400-404. 

Zurek,  P.  M.  (1986).  Consequences  of  conductive  auditory  impair¬ 
ment  for  binaural  hearing.  Journal  of  the  Acoustical  Society  of 
America,  80,  466-472. 

Brian  D.  Simpson  is  an  engineering  research  psychol¬ 
ogist  in  the  Air  Force  Research  Laboratory  at  Wright- 
Patterson  Air  Force  Base.  He  received  an  M.S.  in 
human  factors  psychology  from  Wright  State  Uni¬ 
versity  in  2002. 

Robert  S.  Bolia  is  a  computer  scientist  in  the  Air  Force 
Research  Laboratory  at  Wright-Patterson  Air  Force 
Base.  He  received  an  M.A.  in  military  studies-joint 
warfare  from  the  American  Military  University  in 
2004. 

Richard  L.  McKinley  is  a  principal  electronics  engi¬ 
neer  in  the  Air  Force  Research  Laboratory  at  Wright- 
Patterson  Air  Force  Base.  He  received  an  M.S.  in 
signal  processing  from  the  Air  Force  Institute  of 
Technology  in  1988. 

Douglas  S.  Brungart  is  a  senior  computer  engineer  in 
the  Air  Force  Research  Laboratory  at  Wright-Patterson 
Air  Force  Base.  He  received  a  Ph.D.  in  electrical  en¬ 
gineering  from  the  Massachusetts  Institute  of  Tech¬ 
nology  in  1998. 

Date  received:  March  7,  2003 
Date  received:  May  13,  2004 


1  1 


